The authors demonstrate terahertz microcavity lasers with ultralow current thresholds ͑I th Ϸ 4 mA͒ and with reduced mode volumes of Ϸ0.7͑ effective ͒ 3 , i.e., less than one cubic wavelength. A double metal waveguide with reduced active core thickness ͑5.82 m͒ is used to achieve confinement in the vertical direction, without compromising the laser performances. Confinement in the longitudinal direction is obtained using microdisk resonators. The guiding properties of surface plasmons are exploited to guide the mode with the metal contact. This makes the use of a resonator with vertical and smooth sidewalls unnecessary. The emission wavelength is Ϸ 114 m. The devices lase up to 70 K in pulsed mode, and they achieve continuous-wave operation up to 60 K. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2710754͔
coherent radiation in this wavelength range. The numerous applications of terahertz radiation ͑imaging, spectroscopy, and biosensing 3 ͒ have recently triggered much interest on these lasers.
An efficient waveguide used for these devices is based on the metal-metal geometry, where the mode confinement is provided by a double-sided metal coating. 4, 5 Metal-metal waveguides offer near unity confinement factors ͑⌫͒ with limited propagation losses. The extreme mode confinement in the vertical direction suggests the realization of devices where a similar extreme confinement is present in the lateral/ planar directions, with a twofold motivation.
On one hand, devices with small surfaces allow for very low current thresholds ͑I th ͒ for laser oscillation, making the power-dissipation requirements less stringent. Their emission is typically single mode, since the number of modes that overlap with the material gain spectrum is reduced. The limited output power constitutes a drawback, but for certain applications ͑local oscillators, for example͒ a few tens of microwatts represent an acceptable power level. However, there are also more fundamental reasons. In the domain of semiconductor physics, a definite trend is present towards the implementation of "nanocavities," 6 whose volume is small enough to control the spontaneous emission. This is potentially interesting for interband lasers, since they emit a large amount of undesired spontaneous emission before lasing, which degrades their efficiency. 7 This principle is not applicable to lasers based on intersubband ͑ISB͒ transitions, since nonradiative processes ͑LO-phonon and electron-electron scatterings͒ are the limiting factors to the device efficiency. The spontaneous emission rates ͑⌫ rad ͒ can be tailored via the photonic density of states, but a change in ⌫ rad has an irrelevant effect on the laser threshold current. Despite this, metal-metal -sized cavities for terahertz emitting devices can play a major role for the study of strong-coupling effects. In a microcavity ͑in the absence of population inversion 8 ͒, if the coupling between the electronic transition and the cavity photon mode is faster than the damping rates, new normal modes-called microcavity polaritons-may arise. In particular, in the terahertz, it has been recently proposed 9 that an unexplored ultrastrong-coupling regime could be obtained, when the Rabi frequency becomes comparable to the energy of the ISB transition.
In this letter, we demonstrate terahertz microcavity QC lasers with ultralow current thresholds. The laser resonator is based on a microcylindrical geometry, already successfully used in the mid-IR, 10 and its effective mode volume is Ϸ0.7͑ / n eff ͒ 3 , where is the emission wavelength in the vacuum and n eff is the mode effective refractive index. The extreme confinement in the vertical direction ͑z, see Fig. 1͒ is obtained using a metal-metal waveguide, while in the planar directions ͑x , y͒ the guiding properties of surface plasmons are exploited. 11, 12 Note that a wavelength-sized spatial confinement in all three dimensions is possible, thanks to the use of a metal-metal waveguide. In this geometry ⌫ remains always close to unity, regardless of the active region thickness. This is not the case for a regular dielectric 13 or even for semiconductor-slab waveguides.
14 Also, an extreme lateral confinement in a dielectric waveguide geometry effectively "pushes" the mode into the substrate, thus canceling the effect of the strong localization in the x-y plane.
The sample was grown by molecular beam epitaxy, with active core thickness of 5.86 m ͑45 active core/injector stages͒. The active region, designed for emission at 2.9 THz ͑12 meV͒, is described in Ref. 15 . It is sandwiched between 700 nm, 2 ϫ 10 18 cm −3 and 80 nm, 5 ϫ 10 18 cm −3 doped layers forming the lower and upper contacts. The QC wafer was thermocompressively bonded onto a n-GaAs wafer. After selective etching, the 700-nm-thick top doped layer was thinned to 200 nm to reduce free carrier absorption. Devices fabricated in a ridge waveguide geometry lase in cw ͑T max =60 K͒ and pulsed ͑T max =75 K͒ modes, with a threshold of 71 A/cm 2 at a temperature of 10 K. 16 The microresonators for this work were fabricated as follows. Circular microdisks with three different radii ͑r = 32, 45, and 95 m, respectively͒ were etched down to the bottom wafer-bonded Ti/ Au layer. In Ref. 17 terahertz microdisk lasers were realized using an inductively coupled plasma reactive ion etching to achieve vertical walls. Here, an anisotropic H 2 SO 4 -based wet etch was used, which results in nonvertical sidewalls with angles dependent on the crystal orientation ͑Fig. 1͒. The top metallic contacts ͑Cr/ Au, 10/ 200 nm͒ have radii of 25, 37.5, and 87.5 m, respectively. The contacts are smaller than the resonators, as shown in Figs. 1͑a͒ and 1͑b͒. This was done intentionally in order to cancel the negative effect of the nonvertical sidewalls. Ideally, in fact, the optical mode is guided by the top metal contacts, without being affected by the irregular shape of the microresonator. This geometry also makes the use of reactive-ion-etch techniques unnecessary. It is crucial to remove the n + contact layer between the top metal border and the edge of the disk ͓Fig. 1͑b͒, hatched regions͔ in order to prevent the optical mode from being guided by the very lossy, highly doped semiconductor.
The devices were mounted in a He-flow cryostat for electro-optical characterizations. Prior to the removal of the top n + layer ͓Fig. 1͑b͔͒, the devices were not achieving laser threshold. The sample was then briefly dipped into a sulfuric acid solution to remove the top doped layers. Devices were functioning after this operation. The results are reported in Fig. 2 . The I th do not change between pulsed and cw modes, but the T max in the former case is 70 K, while in the latter one it is 60 K. The smallest devices with r =32 m ͓Fig. 2͑a͔͒ exhibit an I th of Ϸ4 mA in cw at 10 K, with a singlemode emission peaked at Ϸ89.5 cm −1 ͑ = 111.7 m͒. The J th -calculated under the approximation that the current spreads across the whole device volume-is Ϸ125 A / cm 2 . The medium-sized devices with r =45 m ͓Fig. 2͑b͔͒ are single mode too, with a peak emission at Ϸ88 cm −1 ͑ Ϸ 113.6 m͒. The I th in cw at 10 K is 5.5 mA, corresponding to a lower J th of Ϸ87 A/cm 2 . Finally the larger devices with r =95 m exhibit an I th of Ϸ21 mA, corresponding to an even lower J th of 74 A / cm 2 . Figure 2͑c͒ reports a complete light-voltage vs current ͑LVI͒ characterization of a typical device in pulsed mode at different temperatures. Contrary to the smaller devices, the emission spectrum is bimodal ͑ = 116 m and = 112 m͒. All the lasers were measured as edge emitters, but similar signal intensities were detected from the surface. The approximation that the current spreads across the whole device volume is validated by the observation that the IV characteristics of devices with different sizes overlap if the whole resonator surface ͑and not the top contact surface͒ is used to calculate the current density.
In order to interpret the spectral properties of the smallsize microdisks, three-dimensional ͑3D͒ simulations of the resonator modes were performed within a finite-element ͑FE͒ approach. 19 The numerical problem was simplified by neglecting the thin n + doped contact layers on both sides of the FIG. 2. ͑Color online͒ ͑a͒ ͑LVI͒ characteristics at 6 K and in cw mode of a typical small-size ͑r =25 m͒ terahertz microdisk. The I th is Ϸ4 mA. Inset: emission spectrum at 6 K for an injection current of 4.75 mA. The detection was performed with a He-cooled silicon bolometer. ͑b͒ LVI characteristics at 6 K and in cw mode of a typical medium-size ͑r = 37.5 m͒ terahertz microdisk. The I th is Ϸ5.5 mA. Inset: emission spectrum at 6 K for an injection current of 8 mA. ͑c͒ LVI characteristics at several temperatures and in pulsed mode ͑300 ns at 20 kHz͒ of a typical large-size ͑r =87.5 m͒ terahertz microdisk. The I th at 6 K is Ϸ21 mA and the devices operate up to 70 K. Inset: emission spectra for several injection currents.
active region. This approximation allows one to use a sparser spatial mesh for the simulation and therefore reduce the computational power required. The resonator eigenmodes can be described by two mode numbers: the azimuthal number M ͑corresponding to the modulation of electric/magnetic fields as e iM in the azimuthal direction͒ and the radial number N ͑which corresponds to the number of lobes of the eigenmodes in the radial direction͒. The four resonator modes of the small-size microdisks with frequencies closest to the material peak gain ͑Ϸ2.6 THz͒ are shown in Figs. 3͑a͒-3͑d͒ . The mode resonance frequencies are spaced of Ϸ0.3 THz; thus only one mode can overlap with the material gain spectrum, whose full width at half maximum is Ϸ0.25 THz. This makes apparent the single-mode operation of our microcavity.
In order to quantify the effect of the thin n + top contact layers, a denser spatial mesh must be employed in the FE simulations, and reducing the required computational power becomes crucial. A 3D problem with axial symmetry can be mapped onto a numerically lighter two-dimensional ͑2D͒ problem with an integer parameter ͑the azimuthal number M͒, as it is explained in the very educational paper by Oxborrow. 19 The results ͓Figs. 3͑e͒ and 3͑f͔͒ show that the presence of the n + top contact layer has a dramatic effect on the resonator modes. When the doped layer between the top metal border and the edge of the microdisk is present, the optical mode is guided by the surface plasmon at the activeregion/n + -layer interface ͓Fig. 3͑e͔͒. The n + semiconductor layer is extremely lossy, and the calculated quality factor Q is 4. On the other hand, when this doped layer is removed, the resonator mode is bound to the metal. Not only is the optical mode more localized and not affected by the mesa sidewalls but the corresponding Q factor also increases Ϸ20 times, up to 90. Removing the n + top doped layer is therefore a crucial step. This result explains why our devices could reach the lasing regime only after this operation. The same argument can be applied to medium-and big-size microdisks.
In conclusion, we demonstrated single-and bimodal terahertz microcavity lasers with ultralow thresholds in the milliampere range ͑I th Ϸ 4 mA͒ and with subwavelength mode volumes ͓V eff Ϸ 0.7 effective ͑Ref. 3͔͒. The emission wavelength is Ϸ114 m, and the maximum operating temperatures are 70 and 60 K in pulsed and cw modes, respectively. The comparison with numerical simulations allows the identification of the resonator modes involved in the lasing process. The modes are guided by the top metallic layer. This peculiarity represents an additional degree of freedom in the design of terahertz resonators.
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